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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Helium inlet (HI), used for supply of liquid helium into a superconductor, is a critical element of PF-1 coil of the fusion 
reactor ITER. The superconductor is placed into internal bore of a steel jacket. TIG welding without subsequent heat treatment is 
used for connection the HI to the jacket. Deviations from the established technology of welding may cause some crack-like 
defects. Therefore possibility of occurrence the through wall cracks and inlet leak under cyclic loading was evaluated.  
Calculations of growth of initial weld defects with various depths under cyclic loading were performed using Paris equation. 
It was obtained that critical size of initial defects, which can growth up to through wall after 30,000 cycles is about 1 mm.  
For experimental study a cyclic strength and tightness fatigue tests of full-scale 1.5 m length sample of helium inlet have been 
conducted in liquid nitrogen (77K). Visual control, leak testing, X-ray and liquid penetration inspections were performed after 
passing the given base test 30,000 cycles. Defects were not found by all used control methods. Reliability of the adopted 
welding technology was confirmed. 
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The paper presents design and experimental study of cyclic strength and tightness of welding helium inlet to the 
jacket of the superconductor coils PF1 of magnetic system of the thermonuclear reactor (ITER). Helium inlet used 
for supplying liquid helium into the superconductor, is one of the critical structural elements of the design. 
The jacket (austenitic stainless steel 316L) of the superconductor has a square cross section with an internal 
channel diameter of about 40mm to accommodate the superconductor and circulation of liquid helium, fig.1. Helium 
inlet connection with the jacket is carried out TIG welding with filler Cr19-Ni9 wire without a subsequent heat 
treatment. 
To reduce the stress concentration in the weld transition to the flat surface of the jacket it has a shaped fillet with 
a radius of about 6 mm.  
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Fig. 1. The welded joint of the helium inlet to the jacket of 
the superconductor. 
 
During operation, jacket of the superconductor is exposed to cyclic electromagnetic loads. Cyclic strength of the 
helium inlet and the possibility of formation of through defects depend on the availability and size of weld defects, 
as well as the level of residual welding stress.  
To evaluate the welding residual stress FEM simulation of welding of helium inlet to the flat wall of the jacket a 
superconductor was performed using SYSWELD program. Scheme of weld joint and welding edges, as well as 
sequence of weld passes is shown in fig. 2. 
To determine the residual stress and strain elastic plastic problem was solved. Finite elements supporting 
mechanical and thermal degree of freedom were used for calculating.  
Elastic plastic properties of metal were described by the theory of plasticity with isotropic hardening.  
Finite-element weld pool area was divided into 10 sub-areas. Each of the ten sub-areas successively was filled by 
liquid metal with initial temperature above of the melting temperature. Liquid metal heated the surrounding areas. 
Thermal effects in time to simulate the weld arc were performed by thermo cycle method, whose parameters 
were determined on the basis of three-dimensional weld problem solution with one weld pass. The boundary 
conditions for convective and radiating heat transfer to the environment were applied over the entire outer surface. 
After filling the entire weld pool, model cools down to a temperature of 20°С. Then a mechanical processing for 
forming fillet transitions (shown in fig. 3 by the red line), was perform using procedure "kill" elements in the deleted 
region.  
Analysis of influence of the weld arc source power on the size of the melting zone was performed to determine 
the mode of welding. Effect of linear weld arc heat input power (in the range of up to 700 W/ ms) on the field of 
temperature and size of fusion zone was investigated. The calculation results are shown in fig. 3 for power 100 and 
700 W/ ms. Border fusion zone corresponds to T = 1900С.  
  
Fig. 2. Scheme of weld pool filling in multi-pass welding. 
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Fig. 2. Scheme of weld pool filling in multi-pass welding. 
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Fig. 3. Change in size of fusion zone (first pass), depending on the power of the heat source. a - E = 100 W/ms, b - E = 700 W/ms. 
 
On the basis of the calculations the welding mode (voltage, current, velocity of movement of the arc), which 
provides full fusion of welded joint, was selected: current - 120A, voltage -18V, welding speed - 4 mm/sec.   
Calculation results shown that maximum level of residual stress appeared in the weld joint is about of 400MPa. 
After machining of fillet redistribution of residual stress take place. 
Changing the radial component is shown in fig. 4 for the cross section of the helium inlet. It was assumed that the 
machining itself does not bring up additional residual stress. 
After machining the axial (y) of the radial (x) residual stress increased respectively by 18% and 12%, tangential 
stress (z) decreased by 15%. At working temperature the residual stress increase about of 5 % due to changes in the 
modulus of elasticity.  
For the experimental study of cyclic strength and tightness of the welded joint a full-scale sample of helium inlet 
was made (fig. 5). 
Structurally, it is part of the jacket of the superconductor length of about 1.5m, which ends are welded to the 
supporting parts, providing the possibility of applying a cyclic tensile load. Welded helium input is in the central 
part of the sample.  
 
 
Fig. 4. Stress (x) distribution before (a) and (b) after machining, MPa. 
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Fig. 5. (a) helium inlet sample, (b) exterior of helium inlet sample with fixed extensometers. 
 
Cyclic loading of helium inlet sample in the liquid nitrogen in the range of nominal stress 30-310 MPa creates in 
the zone of welding helium inlet a stress state which equivalent to arising under operating conditions. Distribution of 
axial stress in a helium inlet calculated using FEM is shown in Figure 6 for nominal stress 310 MPa.  
The weld joint can has incomplete fusion zone, fig. 7 due to the deviations from the established welding 
technology. It is also possible the formation other weld defects. In this regard, we have studied the possibility of 
appearance of through defects and leakage loss under cyclic loading at a given base of 30,000 cycles (project service 
life 3,000 cycles). 
 
 
 
Fig. 6. Stress distribution along an axis Y (in MPa). 
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Fig. 7. Longitudinal grinding of weld joint with lack of fusion. 
 
To this end, calculations of the kinetics of growth of surface defects of different depths were made. Two variants 
of the location of defects were considered – in the weld metal in the fillet area in the plane normal to the direction of 
the operating stress and in the annular lack of fusion in the area between helium inlet and jacket wall. 
Distribution of stress on the jacket wall thickness of the helium inlet in the section with the crack is shown in  
fig. 8 (coordinate s is measured from the surface of the fillet). Calculation of stress intensity factor K1 for defect  in 
the fillet was performed according to MR 125-02-95 (1995). 
 It was also considered the possibility of a crack growth from the lack of fusion welded ring depth of 1 mm in the 
area of the junction inlet with the jacket wall (fig. 7). Calculation of the stress intensity factors K1, K2 and K3 for this 
defect, fig. 9, was carried out using the finite element method with 3-D analysis. 
The crack growth rate under cyclic loading was determined from the Paris equation:  meffKCdNda / ,             (1) 
where ,C m - characteristics of material, depending on the loading conditions.  
The value of effective stress intensity coefficient was determined by equation  
 4 1eff
KK
r
   ,  (2) 
where maxmin / KKr  - the asymmetry coefficient of cycle, minmax KKK  , minK and maxK - the minimum 
and the maximum values of the stress intensity factor calculated taking in to account residual weld stress. According 
to Sa et al. (2005) in our case for cryogenic temperature С = 6.5·10-10, m = 3.5. In equation (1) dNda /  given in 
mm/cycle,
 eff
K  in MPam0.5.  
The stress intensity factor was calculated using the formula aYK eq   , where Y - coefficient depending 
on the geometry of the cross-section and form the crack, eq  – equivalent uniform stress, a – the crack depth. The 
values of Y and eq depend on the type of crack and its contour point.  
Results of calculations for helium inlet showed that the critical length of the initial semi-elliptic surface crack-
like defects in the fillet area, which can turn into a pass-through for 3104 cycles is about 1mm.  Possibility to pass 
such defects during capillary control of welding joint is unlikely. 
The growth of cracks from lack of fusion zone is excluded due to the low level of stress intensity factors in this 
zone, fig. 9. 
 Author name / Structural Integrity Procedia  00 (2016) 000–000 
Fig. 8. Distribution of operated (1) and residual welding stress ( 2) 
in the section with crack in the fillet. 
Fig. 9. Distribution of K1, K2 and K3 values around the contour of 
lack of fusion with 1mm depth. 
 
Fatigue tests of full-scale helium inlet sample were performed under cyclic tensile for the experimental study of 
cyclic strength and welding joint tightness. Liquid nitrogen (77K) was used to approach operating conditions due to 
the complexity of testing in liquid helium (4.2K). 
Special cryostat with vacuum jacket was made, fig. 10a. It has outer diameter of 1m, 2m height and 400 liters 
capacity. Load reverser device was placed into cryostat. This construction was placed on the bottom clip of test 
machine Schenk PC10.0S (1000 tone maximum load), fig.10b.   
Helium inlet sample was loaded with an axial force in range between the minimum 50 kN to a maximum 550 kN 
with a frequency of about 0.2Hz. 
Axial strains in areas remote from the welding joint were controlled during the tests. For registration and saving 
of experimental data a digital recorder was used for continuous recording and display of test parameters. 
 
a b 
 
Fig. 10.  (a) design of the cryostat with the sample of helium inlet installed in the loading device, (b) location of cryostat in the testing 
machine Schenck. 
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in the section with crack in the fillet. 
Fig. 9. Distribution of K1, K2 and K3 values around the contour of 
lack of fusion with 1mm depth. 
 
Fatigue tests of full-scale helium inlet sample were performed under cyclic tensile for the experimental study of 
cyclic strength and welding joint tightness. Liquid nitrogen (77K) was used to approach operating conditions due to 
the complexity of testing in liquid helium (4.2K). 
Special cryostat with vacuum jacket was made, fig. 10a. It has outer diameter of 1m, 2m height and 400 liters 
capacity. Load reverser device was placed into cryostat. This construction was placed on the bottom clip of test 
machine Schenk PC10.0S (1000 tone maximum load), fig.10b.   
Helium inlet sample was loaded with an axial force in range between the minimum 50 kN to a maximum 550 kN 
with a frequency of about 0.2Hz. 
Axial strains in areas remote from the welding joint were controlled during the tests. For registration and saving 
of experimental data a digital recorder was used for continuous recording and display of test parameters. 
 
a b 
 
Fig. 10.  (a) design of the cryostat with the sample of helium inlet installed in the loading device, (b) location of cryostat in the testing 
machine Schenck. 
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Helium inlet sample was tested continuously for about two days with maintaining the required level of liquid 
nitrogen and digital registration main parameters of loading - force, temperature, nominal strain. 
Visual control, leak testing X-ray and liquid penetration inspections were performed after passing the given base 
test 30,000 cycles. Helium gas was injected in the inlet sample under a pressure of 3.0 MPa for the leak testing. 
Exposure during 12 hours showed no pressure drop. It indicates to conservation leak tightness of the helium inlet. 
Defects were not found also by other control methods. Thereby reliability of the adopted welding technology was 
confirmed.   
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